The co-firing of coal with biomass is a promising method for reducing net CO2 emissions from existing coalfired power plants. This present study examined the effect of the co-firing of coal with biomass on the produced fly ash and the fouling tendency under condition representative of reheater region of pulverized-coal (PC) boiler.
Fly Ash Transformation and Fouling Tendency during Co-firing Biomass with Coal
Introduction
Japan has the ambitious target of reducing its total greenhouse gas emission to 26% of the 2013 level and increasing the ratio of electricity generated from renewable energy to the total electricity generation to 22%-24% by 2030 1) 2) . Owing to the introduction of the feed-in tariff (FIT) scheme for renewable energy in 2012, there has been a significant increase in the electric power produced from renewable energy sources in the country, such as biomass to replace or mix with coal. Co-firing technology, which involves the addition of some biomass to the coal used in coal-fired power plants, is a promising means of reducing greenhouse emissions from coal-fired power plant, especially considering its lower additional investment requirement compared with CO2 capture technology or oxyfuel technology 3) . It has been implemented in several coal-fired power plants in Japan, although the biomass ratio in the country is still low, being <3% 4) . The introduction of biomass at high level in coal-fired power plants will contribute substantially to the achievement of government's goal.
Despite that biomasses generally have lower ash content compared to coal, they contain larger amounts of alkaline and alkali earth metals (AAEMs) and chlorine . Thus, the effects of the inorganic component of the biomass on ash transformation and ash deposition in a PC boiler, are a potential cause of concern regarding the use of high co-firing ratios.
The effect of co-firing biomass on ash deposition in pulverized fuel combustion has been investigated through different scales of experiments 10) ～ 14)
. These studies mainly focused on co-firing of coal with different biomasses at relatively low or moderate ratio (below 20%). Some of the biomass with relatively low deposition rate, such as sawdust, were observed to be relatively safe, since co-firing coal with these biomass would not significantly influence or even decrease the ash deposition rate. However, there have been limited studies on co-firing using high biomass ratios, and on the effect of such on ash deposition, particularly fouling, and fly ash transformation in PC boiler applications.
In this paper, effects of high ratio co-firing of biomass on fly ash transformation and fouling tendency in a labscale pulverized combustor were investigated in detail. A bituminous coal was mixed with up to 50% (energy basis) of three types of biomass. The chemical and physical characteristics of ash deposits and fly ash are analyzed using X-ray fluorescence spectrometry and computercontrolled scanning electron microscopy (CCSEM) analysis.
Experimental

Fuel
Pulverized bituminous coal (<100 µm) was mixed with three different types of biomasses up to 50% on energy basis, namely Japanese cedar (Cryptomeria japonica), bark of cedar, and palm kernel shell (PKS), respectively.
The biomass samples were pulverized and shredded to less than 200 µm before use. The properties of the samples are presented in Table 1 .
Combustion procedure
The combustion tests were conducted in a drop tube furnace (DTF). The detail description of DTF used in this study can be found in elsewhere 15) . The samples were continuously supplied at a rate of 236 W (ex. coal: 0.40 g/ min) through a table feeder and burnt together with air in the ceramic tube, which had been pre-heated to 1400 °C.
The flow rate of the air was 5 L/min and the excess air ratio was 1.5.
Fouling test
The fouling tests were conducted using a stainless steel (SUS304) water-cooled tube, known as ash deposition probe 15) . The tip of the probe was tilted at 45 ° so that only the sticky ash particles were retained on the probe surface.
The probe was located to a point where the inner furnace temperature was about 800-900 °C, which is representative of the condition of reheater boiler. The initial tube surface temperature was maintained at 500 °C by adjustment of the cooling air-water flow rate, which was fixed during the tests. The test for each sample was conducted two or three times, and the average mass of ash deposit was determined.
The total amount of fuel ash supplied during this period for all test cases was 1.4-1.6 g. The fouling tendency was evaluated by calculating the ash deposition ratio (ADR) using the following equations:
( 1) where Mdep is the mass of the ash (g) deposited over a certain time (min); Mfuel and Cash are respectively the flow rate of fuel (g/min) and ash content (wt%) of the fuel; and Stube and Sfurnace are respectively the cross-sectional areas of the probe and furnace (m 2 ).
Fly ashes were also collected by thimble filter (35 mmφ×120 mm, ADVANTEC) equipped in exhaust gas line during combustion.
Ash characteristics
The morphological data of ash particles, such as the average diameter, perimeter, and shape index, were obtained from the backscattered electron (BSE) image, and the constituent elements of each particle were determined by computer-controlled scanning electron microscopy analysis (CCSEM) analysis of the EDX spectra (SEM:JSM-5600, EDX: EDAX Genesis). The details about CCSEM procedure are available in another paper 15) . Chemical composition of ash was analyzed using XRF (PW2404, Phillips). The watersoluble compounds (Ca, Na, K, SO4 In addition, co-firing also produced coarser fly ash particles due to the interaction between biomass ash and coal ash.
The spherical ash particles can be quantified by using the shape index of each particle obtained by CCSEM analysis 15) . Based on the circularity of a circle of 1, the numbers of particles with shape indexes ranging between 1.0 and 1.19 were compared, as shown in Fig. 2 . As can be clearly observed, the ratio of spherical ash particles significantly increased with increasing ratio of bark or PKS.
Compared to pure coal-firing, the ratio of spherical particles for 30% bark 30% and 30% PKS are more than threefold.
In addition, PKS co-firing produced more spherical particles than bark co-firing. The ratio of spherical particles during co-firing coal with biomass, increased in the following order;
PKS >Bark > Cedar Coal
The sphericity of an ash particle indicates that the entire particle or its surface became molten during the combustion. This strongly suggests that co-firing, especially Generally, the amount of aluminosilicates starts to decrease, while the amount of AAEM minerals increases as the increasing ratio of biomass. However, the increase level of the AAEM minerals depends on the ash content and composition in biomass. A slight increase in the calcium minerals was observed for co-firing using low-ash biomass (cedar), while the significant increase was detected for cofiring using high-ash biomass, such as bark or PKS.
Composition of calcium minerals in fly ashes also differs among biomass employed in this study. During cedar or bark co-firing, the calcium minerals in fly ashes predominantly comprised a calcium aluminosilicate (CaAl-Si) mineral, probably in form of anorthite or gehlenite.
In contrast, Ca-Fe-Al-Si mineral was the main calcium mineral in fly ashes for co-firing using PKS which has high Ca and Fe contents. Ca-Fe-Al-Si is probably formed from the reaction between iron and calcium compounds (mainly CaSO4) from PKS ash and aluminosilicates from coal ash.
The reaction is as follows:
It should be noted that iron-containing calcium aluminosilicates have lower melting point compared to calcium aluminosilicates 16) , and this may increase the ash deposition tendencies of the former.
Beside calcium minerals, the presences of sodium aluminosilicate (Na-Al-Si) and potassium-aluminosilicate (K-Al-Si) were also observed particularly during PKS co-firing and bark co-firing respectively. Compared to aluminosilicate or Ca-Al-Si, alkali aluminosilicate has much lower melting point, and this may also increase the ash deposition tendency. Alkali aluminosilicates were formed through the following reactions 17)
. Na2SO4 + xAl2O3 ･ ySiO2
Fouling Tendency
The profiles of the ash deposition ratio for co-firing and coal or biomass firing are shown in Fig. 4 . The ash deposition ratio is an indication of the fouling tendency of the fuel. The higher the ash deposition ratio, the higher the fouling tendency. The test results showed that co-firing using cedar did not increase the ash deposition ratio at least up to 50%. In contrast, the ash deposition ratio increased with the increasing biomass ratio for co-firing using bark or PKS. Co-firing using PKS produced the highest ash deposition ratio among all the considered biomasses.
Generally, fouling tendency during the co-firing increased in the following order;
The results of the fouling propensity agree with the transformation tendency of fly ash properties during co- Although the fouling tests were conducted in the region with low temperature (800 -900 °C), the combustion temperature reached more than 1300 °C. It caused particles, which contain calcium or alkali minerals, still partly molten when impacted on the probe surface. As is well known, the ash particles tend to adhere to the probe tube with increasing amount of molten ash particles. In addition, the existence of iron in calcium mineral (Ca-Al-Si) could further lower the melting point (i.e. Ca-Fe-Al-Si), resulting in the highest fouling tendency for PKS co-firing.
From the results of water-soluble analysis of the deposits, co-firing, particularly bark or PKS co-firing, also produces higher concentration of sulfates (i.e. CaSO4 and K2SO4) than pure coal firing. The sulfates originated from the reaction between alkali or alkaline earth species from biomass with SO2 gas from coal combustion through the following reactions.
2 KCl + SO2 + 1/2 O2 + H2O → K2SO4 + 2HCl (R5)
The condensation of sulfates, particularly alkali sulfates, on the probe surface also can act as binder between ash particles 18) , accelerating ash deposition during co-firing. However, because the ratio of water-soluble compounds was below 10%, the condensation of sulfates is probably less dominant than inertial impaction of lowmelting point compounds as the main factor of fouling under the conditions of our experiments.
The fact that no increase was observed in the fouling tendency for co-firing using the low-ash biomass (cedar) is also noteworthy. This finding is consistent with our previous studies that co-firing using cedar did not increase the slagging tendency and corrosion rate of superheater tubes 15) 19) .
Thus, from the viewpoint of preventing severe slagging and fouling problems in a PC boiler during co-firing using a high ratio of biomass, a low-ash biomass is preferable. Installing soot blower in reheater region can be also an alternative way to mitigate fouling problem when using PKS or bark as biomass fuels.
Conclusion
Co-firing of coal with high ratios of three different types of biomasses in a drop tube furnace was investigated in this study. The properties of fly ashes and ash deposits were examined in detail through CCSEM analysis and XRF analysis. Compared to pure coal firing, co-firing produces no significant changes in the morphology and chemical composition of the ash products when using a low-ash biomass such as cedar up to 50% (energy basis). In contrast, the use of even a small ratio (15%) of high-ash and highcalcium/iron biomass such as bark or PKS produces a large amount of molten ash particles with a higher calcium and alkali minerals content. An increase in fouling propensity was only observed for co-firing using bark and PKS. This was because of the significant change in fly ashes properties and the formation of low melting compounds, such as Ca-FeAl-Si and Na/K-Al-Si.
